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Abstract
The purpose of this study was to investigate the dynamic strength of molybdenum (Mo) at high pressures, particularly at the location of a 
solid-solid phase transition within Mo prior to entering the melt regime. The intent was to build on previous work by conducting both 
symmetric and non-symmetric impact experiments using a two-stage light gas gun and VISAR diagnostic system to examine
molybdenum behavior up to pressures of 305 GPa. The approach required compensating for the wave interaction due to the low
impedance LiF window, but provided detailed information regarding the release state. The main effort consisted of a series of Mo 
symmetric impact experiments having a fixed ratio of impactor thickness (1mm) to target thickness (4.25mm) and variation of the impact 
velocity which resulted in changes in both shock and release wave velocity. Based on the geometry, any structural change resulting in a 
change in release wave velocity would be noticeable through changes in the amount of time at the Hugoniot state or dwell time. As 
expected, the shock velocity increased proportionally with increased impact velocity, but a noticeable change in dwell time occurred at 
approximately 190GPa. Additional analysis of the strength variation of Mo showed an increase in strength from 1.3GPa to 3GPa at
approximately 190GPa the location of phase transition, followed by a dramatic drop in strength for stresses above 190GPa. Strength 
increased again for stresses of 300 and 305GPa. The data acquired in this effort indicate the phase transition occurs at a slightly lower 
pressure than previously indicated and there appears to be a mixed phase region. This paper describes the strategy, experimental method, 
and corresponding results which are used to draw conclusions about the dynamic strength of molybdenum at high pressure.
© 2012 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Hypervelocity Impact Society.
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1. Introduction
The goal of this effort was to examine the dynamic shear strength of molybdenum (Mo) approaching both the phase 
transition and the melt regime. The focus of this research is to verify the existence and location of a solid-solid phase
transition within Mo prior to entering the melt regime and determine the strength of the material as it undergoes the phase
transition. During compression, particularly at the high pressures generated during shock loading, materials can reach
compressions that result in structural changes such as solid-solid transitions or enter the melt regime and transition from a
solid to liquid state. Molybdenum is a Group VI transition metal with a body-centered cubic structure and known to be very 
stable, yet previously published data indicated a solid-solid transition in structure at approximately 210GPa. [1] A structural
change such as a solid-solid transition may be subtle and very difficult to detect in either the pressure/particle velocity plane
or shock velocity/particle velocity plane but would influence both the wave speed and the shear strength of the material in 
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the shocked state. Since changes in wave speed are more sensitive to structural changes and are easier to detect, they have 
formed the basis for examining the presumed phase change at approximately 210GPa. Previous data examining the change 
in Mo sound speed with pressure was acquired using the release overtake technique employing stepped targets immersed in 
bromoform. For each step along the target, bromoform luminosity was monitored and changes in luminosity indicated shock 
and release wave arrival time. Such results from the stepped target can be manipulated to determine the target thickness at 
which the release overtakes the shock for a given impact and wave speeds can be determined. [2] This technique is 
sufficient for identifying the existence of structural changes but does not provide quantitative information such as how the 
material releases from the peak stress state. The effort reported in this paper sought to use the previous data as a guide to 
explore the phase transition region with a velocity interferometer VISAR in order to acquire detailed information regarding 
release from peak stress. Estimates of the dynamic shear strength of Mo could then be made based on this transition from 
peak pressure which would illustrate how the dynamic strength varies across the phase transition region. 
The effort consisted of a series of symmetric and non-symmetric Mo plate impact experiments employing VISAR to 
monitor how the material responded in time. The bulk of the effort utilized symmetric impact experiments having a fixed 
ratio of impactor thickness to target thickness for highlighting the change in dwell time (time at the Hugoniot state) at the 
sample-window interface as impact velocity and corresponding longitudinal stress, x, varied in the vicinity of the presumed 
phase transition. Instead of monitoring time between changes of luminosity, this effort would monitor time at peak particle 
velocity or Hugoniot state at the window interface. Knowledge of the geometry and arrival times would allow determination 
of release wave speeds identifying structural changes and the release paths would allow determination of strength at the 
stress corresponding to a Hugoniot state. [3] A drawback to this approach was the impedance mismatch between the target 
and window resulting in wave interaction that would delay release wave arrival and yield lower wave speed predictions. To 
account for the wave interaction, numerical predictions of the effect on the leading edge of the release wave along with non-
symmetric experiments were conducted. It is the purpose of this paper to describe and implement this technique and it is 
described in the following sections. 
2. Experimental Method 
For the symmetric impact experiments it was important to determine an optimal thickness ratio to highlight the presumed 
phase transition. To do this, the previously published data was used to calculate the required target thickness for 
simultaneous arrival of the shock and release waves generated for a given impact velocity by a 1mm impactor. [1] As 
impact velocity and corresponding stress is increased, the release wave speed relative to the shock wave speed should 
increase resulting in the need for thinner targets for simultaneous arrival. The required thicknesses are shown in Fig. 1, and 
as expected thinner targets are required as impact velocity increased up to approximately 4.6km/s corresponding to an 
approximate target thickness of 4.25mm. Above this impact velocity a transition takes place and the rate of reduction in 
target thickness with increasing impact velocity lowers significantly. In this study, the target thickness of 4.25mm was 
chosen since it would highlight the change in sound speed as the material undergoes phase transition for impacts above and 
below 4.6km/s. For target thicknesses above the data at a given impact velocity, shock attenuation will occur prior to arrival 
at the interface, whereas a finite dwell time, T, at the interface would be observed with target thicknesses below the data 
points for a given impact velocity. At the point of transition simultaneous arrival should result in a particle velocity profile 
that has obtained a peak particle velocity in agreement with predictions from the known equation of state yet exhibit 
immediate release from that state. Assuming the phase transition exists and by choosing a target thickness of 4.25mm, 
impacts above and below 4.6km/s should produce dwell times at the Hugoniot state, T, of varying lengths at the window 
interface. Below the transition, increasing impact velocities should result in smaller dwell times leading up to the point of 
transition. If the phase transition did not exist, any impacts above 4.6km/s would result in shock attenuation and a lower 
peak particle velocity acquired by VISAR since the faster rate of increase of release wave velocity relative to the shock 
wave velocity would result in overtake earlier in time. If the phase transition existed, T should increase again with impact 
velocities above the transition since the release wave speed presumably would have lowered as a result of structural change. 
This novel test methodology has the potential of determining unambiguously the existence of a solid to solid polymorphic 
phase change. 
The impact experiments were conducted using a 29mm bore, two-stage light gas gun with projectile velocity measured 
by an Optical Beam Reflector and shorting pins to determine planarity. [4] The experimental configuration is shown in 
Fig. 2. The projectile consisted of Lexan which carried a 1mm thick high purity Mo impactor. Mounted to the 4.25mm thick 
target disk was a single crystal lithium fluoride optical-quality disk in order to acquire particle velocity histories after impact 
using a velocity interferometer (VISAR) system. The VISAR system allowed peak interface particle velocity measurement 
accurate to within 1%.  [4,5]  Published Us-up data for Mo was used to locate the particle velocity profiles in time by 
predicting the arrival of the shock at the target/window interface and several profiles are shown in Fig. 3 to illustrate  
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Fig. 1. Required target thickness in mm for simultaneous wave arrival at window interface
shock arrival, peak particle velocity, dwell time at the Hugoniot state, and release. [7] The release wave speeds were 
determined by dividing the total distance travelled (impactor & target thickness) upon reflection from the backside of the
impactor by the time at which first systematic reduction in peak particle velocity occurred. Once again, previously published
Us-up data was used to estimate shock wave travel time in the impactor prior to reflection from the backside. As mentioned
earlier, arrival of the shock wave at the target/window interface resulted in some of the shock wave being reflected 
whichinterfered with release wave propagation and slowed its arrival to the interface and delayed observation of first 
systematic release in VISAR profiles. The wave interaction at the interface was estimated using CTH predictions with a 
tracer essentially at the interface recording wave arrival time for both the experimental geometry which included the LiF 
window interface and an experimental geometry with LiF replaced with Mo which would produce no reflection. The
difference in release wave arrival time between the two scenarios provided an estimate of the time due to release wave 
perturbation and was subtracted from the observed time of first systematic reduction in peak particle velocity. A summary
of all experiments conducted is provided in Table 1.
3. Results and Discussion
All data analyzed in this study are derived from the particle velocity time histories acquired using the VISAR system and 
important results are summarized in Table 1. All experiments consisted of symmetric impact conditions utilizing a
target/impactor ratio of 4.25 unless otherwise noted. Three particle velocity time histories at the interface are shown in
Fig. 3 to highlight the T at the window interface. The lowest impact velocity for the symmetric series of tests was
3.609km/s with a corresponding window velocity of 2.656km/s. As indicated in Fig. 3, the 3.609km/s impact velocity 
resulted in a finite dwell time or T > 0 at the Hugoniot state. For the experiment having an impact velocity of 4.6km/s, the 
shock and release waves arrived simultaneously at the Mo/LiF interface resulting in a T of 0. The observed peak particle 
velocity in this experiment (up=3.36km/s, Fig. 3) agrees with expected peak particle velocity for this impact velocity
(up=3.357km/s) calculated from the known equation of state for Mo, confirming that release overtake did not occur prior to
shock arrival. As the impact velocity increased above 4.612km/s the dwell time or T increased again with impact velocity
suggesting the material had undergone a transition resulting in a slower release wave velocity. The T for the complete 
series of symmetric impacts with a target/impactor ratio of 4.25 are shown in Fig. 4. As seen in the figure, the T at the
Hugoniot state decreased leading up to an impact velocity of approximately 4.6km/s and then began to increase again. The 
reduction and subsequent increase of dwell times along with one of the particle velocity profiles exhibiting simultaneous
arrival indicated that sufficient profiles were obtained to determine release wave speed
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Fig.2. Experimental impact configuration for symmetric molybdenum shock experiments
.
Fig. 3. Particle velocity profiles at the window interface in time illustrating the change in sound speed through the difference in time, T, at the Hugoniot
state at the window interface. The blue or middle profile illustrates simultaneous arrival of shock and release waves. The top and bottom profiles indicate
release wave arrival at some T after shock arrival.
Table 1. Summary of Experimental Results
Impact Velocity
(km/s)
US             
(km/s)
CL (Lag)      
(km/s)
CL (Eul)       
(km/s)
x
(GPa) (GPa)
3.609 7.369 11.06 8.355 135.8 1.299
4.478 7.910 12.79 9.169 180.9 1.748
4.612 8.004 13.20 9.382 189.3 2.954
         4.615a 6.686 9.760 8.050 83.18 1.522
4.883 8.162 13.25 9.283 203.5 1.617
5.192 8.354 13.28 9.167 221.5 0.992
5.544 8.573 13.31 9.006 242.8 0.036
6.522 9.181 14.39 9.280 305.9 0.795
aNon-symmetric impact; Direct impact of molybdenum against LiF window
The arrival times of the shock and release waves along with accounting for wave interaction from the low-impedance 
window were used to calculate the release wave velocities as shown in Fig. 5. As indicated in Fig. 5, the results of our 
current investigation agree very well with the previously published literature. Both sets of data exhibit an increase in sound 
speed with increased longitudinal stress up to 190GPa (impact velocity of 4.612km/s; density of 14.35g/cm3. Further 
increases in stress over the range of 190-250GPa result in a decrease in sound speed before increasing again. Based on 
Fig. 5, the onset of phase transition appears at or close to an impact velocity of 4.6km/s and corresponding longitudinal
stress of 190GPa. The gradual increase in dwell time, T, at the Hugoniot state and continued reduction in release wave 
velocity after the transition could be the result of a mixed phase regime.
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Fig. 4. Dwell time, T, at the Hugoniot state at the window interface for the series of symmetric impact experiments
Fig. 5. Eulerian sound speed versus longitudinal stress. The phase transition is believed to occur between 190 and 200 GPa. Present data is represented by
the blue diamonds and previously published data is represented with red squares. The green triangles represent bulk sound speed determined from present
data.
In addition to release wave velocity data, estimates of the dynamic shear strength of molybdenum were determined in an 
effort to document the change in strength as a result of the phase transition. Significant changes in strength would provide
additional evidence of the existence of the transition as well as its effects. Strength is estimated by taking the difference 
between longitudinal sound speed, CL, and bulk sound speed, CBulk, as the material transitions from elastic to plastic
response from the peak stress state. Shock compression experiments result in uniaxial strain in the x-direction and the 
particle velocity profiles can be used to determine x, stress in the x-direction. A brief explanation of the derivation is 
provided below and method assumptions can be found in published literature. [3] Considering the plastic portion of the 
strain tensor the stress state is given by equation (1) below
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with the mean stress given by equation (2) as  
 
 
Manipulating the two relations the longitudinal stress, x, can now be represented as  
 
                                                                               (3) 
 
But mean is not very helpful for dynamic events at high pressure, therefore the derivative is taken with respect to 
engineering strain, e, and the following relationship is obtained 
 
                                                                             (4) 
 
where     and     
 
for unloading experiments, strength can then be estimated by the following relationship [3] 
 
                                                                (5) 
 
where the limits of integration along strain are from some point within the plastic regime, e1, to peak strain, e2. 
 
Integration of equation (5) is essentially the area between CL and CBulk from the plastic response to peak strain and is 
shown in Fig. 6. The data and points of integration (e1,e2) are shown in Fig. 6 and correspond to the impact velocity of 
3.609km/s. The bulk velocity in the elastic region is estimated by linear extrapolation and several versions (CBulk 1, CBulk 2) 
are shown in the figure. There is some ambiguity in determining the elastic to plastic transition upon release which affects 
the linear extrapolation of CBulk and results in an uncertainty in the strength estimates. If a simple linear fit along the bulk 
sound speed portion of the wave profile is used to extrapolate to peak strain then the strength will be overestimated since 
wave interaction effects during sound speed transition will not have been take into consideration. For this impact velocity, 
the best linear fit over the entire bulk velocity profile is given by CBulk 2 but would result in overestimation of the strength. 
For a better estimate of the strength Cbulk 1 was used since it was acquired using the linear portion of the plastic response 
near the transition. Plotting the two extrapolations highlights the potential difference in strength if the analysis has not 
accounted for wave interaction. Estimates of the strength are plotted in Fig. 7 and show an increase in strength as the stress 
increases leading up to the solid-solid transition at 190GPa. Above this transition point, the strength values fall dramatically 
possibly as a result of being in a mixed phase transition yet have increased again at stresses above 300GPa. It is possible the 
strength begins increasing before a stress of 300GPa but lack of data in this region prevents further scrutiny.  
4. Conclusions 
Shock loading and release experiments generating peak pressures over the range of 80 to 305 GPa have been conducted 
based on optimized target thickness as indicated in Fig. 1. This has allowed an accurate determination of release wave 
speeds and estimate of the dynamic strength in molybdenum over this stress regime. Based on the current results, the onset 
of phase transformation is presumed to begin at approximately 190GPa and is not complete until approximately 240GPa.  
The corresponding volume change over this stress regime is less than 4%, therefore it is not surprising that this phase 
transition is not observed in a standard shock velocity-particle velocity plane or a stress-volume plane. Although the sound 
speed measurements after the phase transition are consistently lower than those previously published, they were within 3% 
which is within experimental error. Strength estimates over the stress range of 125  240GPa show a rapid rise in strength 
leading up to the transition and dramatic drop above the transition possibly as a result of being in the mixed phase. 
Comparison of the measured sound speeds and release states support the existence of the solid-solid phase transition. 
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Fig. 6. Illustration of CBulk extrapolation and the points of integration for equation (5) 
 
 
Fig. 7. Variation of dynamic strength with longitudinal stress generated during impact 
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